Background: Cardiorenal syndrome (CRS) is associated with increased cardiovascular morbidity and mortality; still, its biomarker pattern has been poorly evaluated so far. The aim of this study was to measure the inflammatory activation, neurohormonal status and kidney and myocardial damage in patients with CRS compared to patients with heart failure (HF) without renal impairment (RI). Methods: We analyzed 246 patients on the basis of renal function (group 1: 120 HF patients without RI; group 2: 126 CRS patients). In each group, interleukin-6, tumor necrosis factor-α, B-type natriuretic peptide (BNP), neutrophil gelatinase-associated lipocalin (NGAL), troponin T (TnT), osteoprotegerin and blood urea nitrogen (BUN) were measured. The diagnostic power of all laboratory parameters to detect CRS was evaluated by the receiver operating characteristic (ROC) curve and logistic regression analysis. Results: A significant increase in BNP [626.4 pg/ml, confidence interval (CI) 518-749 vs. 487.8 pg/ml, CI 411-578; p < 0.05], NGAL (156 ng/ml, CI 129-186 vs. 89.1 ng/ml, CI 72-109; p < 0.0001), BUN (108.9 mg/dl, CI 98-120 vs. 51 mg/dl, CI 46-55; p < 0,0001) and TnT (0.62 ng/ml, CI 0.51-0.75 vs. 0.21 ng/ml, CI 0.15-0.28; p < 0.001) was seen in CRS patients compared to HF patients without RI. ROC curve analysis showed that only NGAL, BUN, BUN/creatinine ratio and TnT can discriminate patients with CRS from patients without RI. Conclusions: In CRS patients, renal tubular damage and neurohormonal and cardiac injury activation are increased compared to patients without RI. The current biomarker pattern could be used for an early diagnosis of RI in acute and chronic HF.
Introduction
Impaired renal function has consistently been proven to be an independent risk factor for adverse outcome in patients with heart failure (HF). Renal impairment (RI) is one of the most common associated diseases in HF patients, and it has been increasingly recognized as an independent risk factor for morbidity and mortality [1] . Recent trials have demonstrated that about 40% of patients hospitalized for HF showed an increase in their serum creatinine and a decrease in their glomerular filtration rate (GFR) [2, 3] . A definition of cardiorenal syndrome (CRS) has recently been reported in an academic way, stressing the bidirectional concept that HF has numerous negative effects on kidney function. This classification includes three principal factors: HF, renal dysfunction and fluid overload. All of these elements could potentially contribute in different ways and phases to maintain and amplify the syndrome [4] . Together with the hemodynamic mechanisms, there are several factors that are involved in the pathophysiological process: neurohormonal and inflammatory mediators are often elevated, leading to endothelial dysfunction and a progression of atherosclerosis [5, 6] . Promoters of calcification are increased and inhibitors of calcification are reduced, resulting in vascular injury associated with end-stage renal disease. The majority of these traditional and new risk factors have been poorly investigated, and their exact clinical impact on CRS and HF is still unclear. A better assessment of laboratory biomarkers such as congestion, neuroendocrine activation, primitive kidney-cardiac damage and inflammatory activation could lead to a better comprehension of the cardiorenal relationship [7, 8] . Moreover, creatinine and GFR levels are two parameters currently employed with excellent sensitivity, but unfortunately they cannot identify the exact nature of the mechanisms involved. They are both biomarkers of late renal damage and are ineffective in recognizing RI during the early stages as well as the exact nature of the kidney injury (tubular or glomerular damage). Although a number of 'interesting' risk markers have been proposed as providing additional prognostic information on HF and associated chronic kidney disease (CKD), a precise laboratory cutoff and biomarker pattern able to recognize CRS patients has not been reported yet [9] . Therefore, influential authors have proposed some algorithm to better recognize patients with a change in renal function during their hospitalization in order to identify those with a poor outcome. For all these reasons, we retrospectively studied patients affected by CRS and patients affected by HF with preserved renal function, categorizing them on the basis of the GFR cutoff [2, 10] . We analyzed markers of inflammation, vascular calcification, tubular damage, hemodynamic impairment and neuroendocrine activation to better define and classify the two syndromes on the basis of a specific cutoff analysis.
Methods

Study Design
Patients were enrolled consecutively from the Department of Internal Medicine, Cardiology Unit (Siena, Italy) from May 2010 to September 2012. They were eligible if they were admitted with a primary diagnosis of acute decompensated HF, could be randomized <24 h after hospital presentation and showed evidence of volume overload, pulmonary congestion on chest X-ray and B-type natriuretic peptide (BNP) levels >100 pg/ ml. We studied 246 consecutive patients affected by HF. They were divided into two groups based on estimated GFR (eGFR) and creatinine values of 50 ml/min/1.73 m 2 and 1.4 mg/dl, respectively, on hospital admission. Patients with an eGFR >50 ml/min/1.73 m 2 and a creatinine level <1.4 mg/dl were defined as having HF without RI (n = 120); patients with an eGFR <50 ml/min/1.73 m 2 and a creatinine level >1.4 mg/ dl were defined as having CRS (n = 126). This research was approved by our hospital's Institutional Review Board, and all patients gave their written informed consent on admission.
confidence intervals (CI) were calculated with the Wilcoxon and Mann-Whitney tests. For the biomarkers that were significant in the ROC curve analysis, we found the best cutoff value to detect CRS within the 90th percentile in the HF patients. Finally, we tested the ability of these biomarkers to detect CRS, using a logistic regression analysis and considering all cutoff values found. All reported probability values were two-tailed, and a p value <0.05 was considered statistically significant. Statistical analysis was performed using the SPSS 20.0 statistical software package (SPSS Inc., Chicago, Ill., USA).
Results
Pattern of Biomarkers in CRS and HF Patients without RI
Among the 246 patients who met the inclusion criteria, 8 patients were excluded due to a lack of some laboratory parameters. The remaining patients were divided into two groups: the first group consisted of 118 patients with HF (GFR ≥ 50 ml/min/1.73 m 2 ) and the second group consisted of 120 patients with CRS (GFR <50 ml/min/1.73 m 2 ) ( ( table 2 ) .
Correlation between GFR and Biomarkers
In patients without RI, we observed a significant inverse correlation between GFR and TNF-α (r = -0.29; p = 0.04) and between GFR and BUN (r = -0.37; p = 0.001). In the CRS group, we found a significant inverse correlation between GFR and BNP (r = -0. 
Accuracy of Biomarkers in the Identification of CRS
The ROC curve analysis showed that cutoff levels of NGAL >113.5 ng/ml can identify CRS patients with good accuracy (73%; sensitivity 78% and specificity 70%; p < 0.001; AUC 0.77, CI 0.65-0.89). The same analysis for TnT demonstrated that a cutoff level >0.27 ng/ml had also a good accuracy (71%; sensitivity 60% and specificity 83%; p < 0.001; AUC 0.74, CI 0.68-0.81) to identify patients with CRS. In the same line, BUN levels >78 mg/dl identified CRS patients with an accuracy of 77% (sensitivity 70% and specificity 90%; p < 0.0001; AUC 0.85, CI 0.75-0.94). Moreover, a BUN/creatinine ratio >46.3 detected CRS patients with an accuracy of 75% (sensitivity 71% and specificity 80%; p < 0.01; AUC 0.76, CI 0.64-0.88; fig. 2 ).
The logistic regression analysis showed that NGAL ≥ 113.5 ng/dl, BUN ≥ 78 mg/dl and a BUN/creatinine ratio ≥ 46.3 were able to detect patients with CRS; in contrast, TnT ≥ 0.27 ng/ ml was not significant in the assessment of patients with CRS ( table 4 ) .
Discussion
Acute and chronic HF has often been associated with an increased risk of kidney injury and damage. For instance, cardiovascular diseases account for >50% of adverse events in patients with RI [12] . In the most recent European and American guidelines for HF management, renal dysfunction is considered an index of poor prognosis regardless of the presence of other traditionally investigated risk factors. However, the mechanisms by which the onset of acute or chronic HF lead to RI are multiple and complex [13] . The pathophysiology of acute kidney injury (AKI) during acute HF (CRS subtype 1) is poorly understood, and it likely involves interrelated hemodynamic and neurohormonal mechanisms that could contribute to worse cardiovascular outcomes in these patients. In HF and coexistent CKD, other mechanisms have been proposed to explain the poor outcome. These include accelerated hypertension, left ventricular hypertrophy, increased activation of the renin-angiotensin system, reduced renal perfusion, diuretic resistance and volume overload secondary to difficulties with sodium excretion [5, 6, 14] . In both acute and chronic HF, the worsening of renal function is not only due to kidney hypoperfusion and renal blood flow redistribution, but also to several autocrine and paracrine systems increased in relation to a primitive hemodynamic dysfunction [15] . For these reasons, the definition of a laboratory pattern able to identify this endocrine overdrive early could help to timely diagnose and understand the pathophysiological mechanisms involved. In this sense, CRS subtypes 1 and 2 have recently been defined emphasizing the complex pathophysiological liaison linking the heart and the kidney [4] . Although CRS is considered a new well-recognized disease, it lacks definitive cutoff values regarding specific RI parameters as well as a specific laboratory pattern able to better identify the syndrome. Therefore, since 5 subtypes of CRS have been defined, establishing laboratory tools that are able to identify primitive and secondary organ damage appears mandatory. CRS subtypes 1 and 2 have common pathophysiological mechanisms due to primary systo-diastolic dysfunction followed by an activation of the renin-angiotensin system, sympathetic activation, increased venous pressure leading to a derangement in the intraglomerular blood flow and increased sodium and water reabsorption. A mixed model including both forward and backward HF with right-side dysfunction, augmented renal venous pressure, kidney congestion, tubule obliteration and renal hypoxic damage is currently deemed the most appropriate liaison [16] , particularly in the acute subtypes. For all these accounts, we studied several biomarkers able to distinguish between patients with CRS subtypes 1 and 2 and patients with acute and chronic HF without RI.
The findings of the current study can be summarized in three main points: (1) our data demonstrate that, beyond the traditional laboratory parameters consisting in creatinine and GFR measurement, some others laboratory markers could help in the identification of patients with CRS; (2) some specific renal and extrarenal biomarkers (i.e. NGAL, TnT and BUN) above certain cutoff values appear to be able to identify patients with HF and associated RI, whereas other common biomarkers employed in the diagnosis and monitoring of HF (such as BNP), are not able to discriminate patients with or without CRS, and (3) biomarkers able to identify patients with CRS are not directly correlated with kidney damage but appear to be increased in relation to a more intense neurohormonal activity (i.e. BUN and TnT).
There are several reasons why the evaluation of renal function during HF appears to be mandatory: the clinical impact of RI on cardiovascular diseases, the high prevalence of this condition in HF patients and the need to make an early diagnosis. Unfortunately, the common laboratory parameters used in clinical practice for RI diagnosis are not sensitive enough for AKI recognition: even the RIFLE criteria reflect late kidney damage with a loss of nephrons above one third. Therefore, neither creatinine nor GFR can identify the type of renal dysfunction (renal or prerenal) due to glomerular or tubular insult [17] . Serum creatinine is primarily a marker of glomerular filtration. It is insensitive and unreliable in the diagnosis of renal tubular injury in the absence of a significant reduction in GFR. Its concentration increases only after half of the kidney function has been lost, which may be days after the renal insult. On the other hand, GFR is prone to several biases linked to the formula used for its calculation (age, body weight and patient setting). The recognition of biomarkers for the early diagnosis of kidney injury is now becoming a research priority [18] .
Our data demonstrated that BNP, BUN, the BUN/creatinine ratio, IL-6, NGAL and TnT are all increased in patients with renal dysfunction compared to patients with a preserved renal function; nevertheless, only BUN, NGAL and TnT are able to identify patients with CRS according to the ROC analysis. Whereas NGAL is a biomarker of primitive renal tubular damage, BUN and TnT could be simply a 'mirror' of kidney dysfunction.
Natriuretic peptides (NP) are hormones secreted by the ventricles and the atriums, and their circulating concentrations are elevated in patients with chronic or acute HF. Increased levels of metabolism and excretion modality also depend on renal function. Each NP increases in relation to AKI severity. For these reasons, NP have the potential to serve as a valuable diagnostic and prognostic tool in several CRS types. Patients with CKD have higher levels of NP than normal subjects although this is attributed to reduced renal clearance. However, not all studies agree on this assumption, because NP concentrations could potentially depend on several variables such as left ventricular hypertrophy, myocardial stress, inflammatory status, age and body weight. In advanced CKD stages, the mean increase is around one third with respect to subjects with preserved renal function [16, 19, 20] . In our study, BNP appears to be increased in CRS, but compared with confounding factors it has not been shown to be a sensitive tool for CRS diagnosis.
BUN is currently considered to be a devoted marker of endocrine overdrive. In fact, urea metabolism depends on three variables: (1) BUN concentration at the proximal tubule, which is related to systemic urea production; (2) urea velocity and reabsorption at the distal tubule, and (3) urea transport and concentration in the inner medulla. All of these processes are modulated by RAA, the arginine vasopressin system and sympathetic nervous system [21] . Because BUN should be considered a marker of neurohormonal activation, it is not surprising that even the BUN/creatinine ratio is elevated in our patients. The BUN/creatinine ratio is currently considered a useful diagnostic tool for identifying patients with adverse outcome and reduced GFR. It is assumed to be a surrogate marker for renal dysfunction as well as for neurohormonal activation and sympathetic overdrive due to primitive HF [22] .
On the other hand, it has been argued that circulating troponin levels are commonly elevated in patients with impaired renal function in the absence of an acute coronary syndrome [23] [24] [25] . Although high levels have been observed in the setting of even minor degrees of renal dysfunction, they remain associated with cardiovascular events across a whole spectrum of RI. More recently, an analysis of the PREVEND study (prevention of renal and vascular end-stage disease), a large prospective cohort study investigating the natural course of albuminuria and its relation to renal and cardiovascular disease, has shown that highly sensitive TnT levels were independently associated with eGFR and urinary albumin excretion [26] . Potential mechanisms to explain the association between RI and myocardial injury with elevated troponin levels include both cardiac injury and decreased renal clearance. A causal link between RI and cardiac dysfunction may involve the fibroblast growth factor-23, a hormone that controls phosphorus homeostasis. Fibroblast growth factor-23 is upregulated and directly provokes left ventricular hypertrophy in experimental models of CKD [27, 28] . Therefore, TnT is increased because of suddenly increased wall stress, altered calcium handling, inflammatory activation and reduced degradation. However, the precise molecular mechanisms responsible for troponin release are not perfectly understood. Experimental data suggest that necrotic, and perhaps apoptotic, myocytes lose the sarcolemma integrity becoming permeable to troponin molecules [16, 29, 30] .
The clinical use of serum NGAL levels in patients admitted to the hospital for acute decompensated HF (ADHF) to estimate the risk of early worsening renal function (WRF) has recently been proposed. NGAL is produced by the nephron in response to tubular epithelial damage and is considered an early marker for acute renal tubular injury in several clinical settings [31, 32] . Data from the GISSI-HF trial confirmed that urinary NGAL is a good index of tubular damage and is significantly increased in patients with chronic HF and preserved renal function. High levels are also related to poor outcome in a long follow-up period [33] . Considering 91 patients admitted to the hospital with ADHF, Aghel et al. [34] showed that those who developed WRF during hospitalization had significantly higher median levels of serum NGAL on admission. They observed that patients with admission NGAL values ≥ 140 ng/ml had a 7.4-fold increased risk of developing WRF. Recently, the GALLANT prospective trial has shown that plasma NGAL is a good prognostic biomarker of early poor outcome in patients with ADHF [35] . Similar results were found by Alvelos et al. [36] in a 3-month follow-up period and by Palazzuoli et al. [37] in a 6-month follow-up period. In line with the current reports, we found a significant increase in NGAL level in CRS patients as well as a significant correlation with eGFR in the same group. In contrast, in patients with HF without RI, no correlation between the NGAL level and eGFR was found, thus confirming the role of NGAL as a specific tubular damage marker. Despite these positive findings, more recently, the role of NGAL in detecting tubular damage and AKI during ADHF has been questioned [38] .
Our findings demonstrated this neurohormonal overdrive, emphasizing the importance of endocrine system activation in CRS pathogenesis and diagnosis. In this context, the study of laboratory tools able to recognize both renal and cardiac damage appears mandatory [39] . In addition, serial biomarker measurements are becoming surrogate endpoints to identify responder patients and the safety of new drugs [40] . BUN, NGAL and TnT could reflect hemodynamic stress, kidney and cardiac damage, respectively. Measurement of traditional and new laboratory parameters might allow an early detection of kidney injury and the recognition of its underlying mechanism.
Limitations
Since this was a single-center observational study, it is prone to several forms of bias due to the nature of the protocol: the first limitation is the small sample size of the population we studied; secondly, RI of the enrolled patients could have different pathophysiological mechanisms and timing (i.e. WRF, CKD, and AKI).
By our analysis, it was not possible to distinguish subtypes. Along the same line, the primary etiology of RI was not exactly defined because our patients did not undergo renal biopsy. However, all patients had a similar heart disease, and they could all be classified into CRS subtypes 1 and 2. Moreover, it is the first study to analyze this biomarker pattern in this field. We proposed an arbitrary cutoff for the definition of CRS (eGFR <50 ml/min/1.73 m 2 ), although the universal cutoff for mild RI was higher (eGFR <60 ml/min/1.73 m 2 ). So far, no standardized cutoff for CRS patients has been defined yet. Moreover, our patients had several comorbidities and advanced age. Finally, considering the clinical characteristics of our population (diabetic, hypertensive, mean age around 80 years) and the high atherosclerotic burden, an eGFR cutoff >50 ml/min/1.73 m 2 should reflect a satisfying renal function. We only included basal renal function on admission without comparing our laboratory results with the trend in renal function during the observation period. The current study did not provide any follow-up data but only a biochemical characterization. To establish the exact importance and clinical impact of these findings, a temporal evaluation of these patients appears mandatory. Finally, the accuracy of the cutoff values established in our report needs to be confirmed in a further larger population with the same clinical conditions.
Conclusions
Although CRS is considered a well-recognized disease, it lacks specific laboratory patterns and definitive cutoff values. Our data suggest that HF patients who displayed a moderate kidney dysfunction had a significant increase in renal tubular (NGAL) and systemic biomarkers (BUN and TnT) compared to HF patients without RI. These biomarker patterns could be used for an early diagnosis of RI in patients with acute and chronic HF. The more intense neurohormonal and hemodynamic overdrive together with increased renal tubular damage could potentially explain the adverse outcome in CRS patients.
